We present a new class of unified models based on SO(10) symmetry which provides insights into the masses and mixings of quarks and leptons, including the neutrinos. The key feature of our proposal is the absence of Higgs boson 10 H belonging to the fundamental representation that is normally employed. Flavor mixing is induced via vector-like fermions in the 16 + 16 representation. A variety of scenarios, both supersymmetric and otherwise, are analyzed involving a 126 H along with either a 45 H or a 210 H of Higgs boson employed for symmetry breaking. It is shown that this framework, with only a limited number of parameters, provides an excellent fit to the full fermion spectrum, utilizing either type-I or type-II seesaw mechanism. These flavor models can be potentially tested and distinguished in their predictions for proton decay branching ratios, which are analyzed.
Introduction
Grand unified theories [1] [2] [3] based on SO(10) gauge symmetry [4] are attractive candidates for physics beyond the Standard Model (SM). These theories predict the existence of righthanded neutrinos needed for the seesaw mechanism, and unify all fermions of a given family into a single irreducible multiplet, the 16-dimensional spinor representation. Quarks and leptons are thus unified, as are the three gauge interactions of the SM. The unification of fermions into multiplets suggests that SO(10) may serve as a fertile ground for understanding the flavor puzzle. There are challenges involved, since in particular, large neutrino mixing angles should emerge from the same underlying Yukawa structure that allows for small quark mixing angles. This indeed has been realized in a class of SO(10) models with a minimal set of Yukawa coupling matrices [5] [6] [7] [8] [9] [10] [11] [12] [13] , and we shall provide a new class of models that achieves this in this paper. Since SO(10) admits an intermediate symmetry, the Pati-Salam symmetry SU (4) c × SU (2) L × SU (2) R or one of its subgroups, unification of gauge couplings can occur consistently even without low energy supersymmetry. Of course, SO(10) may be realized in the supersymmetric context as well, in which case the intermediate symmetry breaking scale may be the same as the unification scale. As far as the Yukawa sector of the theory is concerned, the two scenarios (non-SUSY versus SUSY) are not all that different. In this paper we shall study a new class of SO(10) models addressing the flavor puzzle both in the non-supersymmetric and in the SUSY contexts.
One of our motivations for the present study is the difficulty faced by a widely studied minimal renormalizable supersymmetric SO(10) [14] [15] [16] grand unified theory. This theory has attracted much attention in the past due to several attractive features which include:
• natural generation of neutrino masses and mixings through type I [17] and type II [18] seesaw mechanism;
• relation between neutrino and charged fermion mass matrices [5] ;
• good fit of fermion masses and mixings with an economic Yukawa sector with only two symmetric Yukawa matrices [5] [6] [7] [8] [9] [10] [11] [12] [13] ;
• automatic and exact low energy R-parity conservation leading to a compelling dark matter candidate [19] [20] [21] [22] [23] ;
• connection of the b − τ Yukawa unification and large atmospheric mixing angle in scenarios with dominant type II seesaw mechanism [24] [25] [26] .
The Yukawa sector of this theory has only two symmetric matrices (in flavor space), involving a 10 H and a 126 H of Higgs bosons. It is natural to include a 210 H for completing the symmetry breaking. In such a scenario, unfortunately, once the constraints from the Higgs sector are properly taken into account, the model can be ruled out [27] [28] [29] [30] , assuming that the low energy supersymmetric threshold corrections to the fermion masses are negligible. With the relatively large Higgs mass m H = 125 GeV, the split supersymmetric scenario [31, 32] of the minimal SO(10) model [33] is also found to be inconsistent [34, 35] 4 .
One should not abandon the whole elegant grand unified program simply because the simplest supersymmetric realization does not work perfectly. The usual way to rule in a theory that was ruled out is to increase the particle content and thus the number of model parameters. This was the approach of [36] , where a new 120-dimensional Higgs representation has been added to the minimal model. 5 In this way the Yukawa sector increases by one antisymmetric matrix, which gives sufficient freedom to fit the data. In this paper we will go, surprisingly, in the opposite direction, and ask ourselves, if it is possible to fit the data with less, not more, Yukawa matrices. This paradoxical question has obviously a hidden proviso, otherwise we would get no mixing at all. To account for the correct low energy mass spectrum, mixings, and CP violation we will thus make use of an extra vector-like generation 16 + 16, similar to the one used in [37] . The difference with [37] is that we will assume the bilinear spinors 16 a to be coupled with 126 H instead of 10 H . In this way we may hope to describe neutrino masses and mixings in a pattern similar to the charged fermions, which is one of the great achievements of the SO(10) framework.
We shall see that this decreasing of the number of Yukawa matrices at the expense of an extra vector-like family can be successful and we will show several examples where it works. Although we will consider different possible Higgs sectors and take some of their constraints seriously, we will not consider a combined fit of the Higgs and Yukawa parameters, which can obviously pose extra restrictions. This more modest approach nevertheless shows that SO(10) Yukawa sectors with a single Yukawa matrix can be realistic.
The rest of the paper is organized as follows. In Sec. II we present the key features of the new class of SO(10) models. In Sec. III we set up the framework and the formalism. In Sec. IV we adopt a specific basis that removes redundancies, which is well suited for numerical analysis of the flavor observables. Sec. V discusses the constraints imposed on the SUSY models from the minimization of the Higgs potential. Sec. VI has our numerical fits to the fermion masses and mixings for the six models analyzed. Finally, in Sec. VII we conclude. In Appendices A and B some useful relations used for the fermion mass fits are given. Appendix C contains the numerical Yukawa matrices for various cases that result from the fits.
New class of SO(10) models
The key feature of the new proposed models is the absence of 10 H . In its place we introduce a 16 + 16 vector-like fermions. In addition to a 126 H , we employ either a 45 H or a 210 H for symmetry breaking. These fields have non-trivial couplings to the vector-like fermions, which is needed to avoid certain unwanted relations among down-type quark and charged lepton masses. Additional Higgs fields (e.g. 54 H ) are needed for consistent GUT symmetry breaking, but these fields do not enter into the Yukawa sector. The Yukawa Lagrangian of our models has a very simple form, corresponding to the use of 45 H as the symmetry breaking field (in addition to the 126 H field). Here a, b = 1 − 4 are the generation indices which include a 16 from the vector-like family. We thus see that the Yukawa sector has one 4 × 4 matrix Y ab , and two four-vectors m a and η a . Since Y ab can be chosen to be diagonal and real, this amounts to 4 + 4 + 4 flavor mixing parameters. The Yukawa coupling 16ȳ 126 H does not have any effect on the light fermion masses and mixings. While in the diagonal and real basis for Y ab the vectors m a and η a are in general complex, these being related to GUT scale masses, one complex combination disappears from low energy masses and mixings. One should add to this set two (real) VEV ratios (one from the two SM singlets of 45 H and one for the up-type and downtype Higgs doublet VEV ratio from the 126 H ), and an overall scale for the right-handed neutrino masses. We thus see that the model has 14 real parameters and 7 phases to fit 18 observed values among quark masses, quark mixings and CP violation, charged fermion masses, neutrino mass-squard differences and mixing angles. Thus these models are rather constrained, yet we show that excellent fits are obtained. It may be noted that the minimal supersymmetric SO(10) models with two symmetric Yukawa coupling matrices involving 10 H and 126 H have 12 real parameters and 7 phases that enter into the flavor sector. The basic structure of Eq. (2.1) can be realized in several other ways. We study all such SO(10) models in this paper. The Higgs field 45 H in Eq. (2.1) may be replaced by a 210 H . In this case, since the 210 H contains three SM singlet fields, there are two ratios of VEVs from the 210 H , which would increase the number of parameters by one. These models may be realized with or without low energy supersymmetry. In the non-SUSY models, the VEVs of 45 H and 210 H are real, while in SUSY models they are in general complex (thus increasing the phase parameters to 8). In the SUSY models we find that although the 210 H has two associated VEV ratios, only one of the two is independent, due to symmetry breaking constraints arising from the superpotential. In SUSY versions, additional fields other than 126 H and 210 H used in the Yukawa sector are often required, in order to avoid new chiral supermultiplets that remain light and spoil unification of gauge couplings. A summary of the models that fit into this classification and studied here is given below. All models contain a 126 H (plus a 126 H in the case of SUSY), in addition to the Higgs fields shown below.
A. The VEV of the SM singlet in 126 H will be found a posteriori to be around 10 13 − 10
14
GeV in all models. This has an effect on the choice of Higgs fields, especially in the SUSY models: Very simple Higgs systems used for GUT symmetry breaking would lead to certain sub-multiplets having mass of order 10 11 GeV, which would spoil perturbative unification of gauge couplings in SUSY SO (10) . 
where a = 1, . . . , 4 and
These are the SM singlet components of 45 H which acquire GUT scale VEVs denoted here as v 1,2 .
The mass terms are of the general form
Although by redefining the phases of ψ a we can make all these M a real, we will keep them complex in general. Then we project to the heavy states as usual by
To this we add the Yukawa couplings to 126 H . Although we are free to choose this 4 × 4 Yukawa matrix to be diagonal and real (in the original basis, i.e. before (3.5)), we will keep it to be complex symmetric and choose a convenient basis later on. The 16 has coupling to the 126 H , but this will turn out to not affect light fermion masses. In this original basis we put all together: 
To conclude, let's write down explicitly the various x's:
27)
28)
we can rewrite the above as
31)
To get the masses and mixings we change the basis
so that the CKM and PMNS matrices are defined as
So far we have been very general. However, there are redundancies that are present, which should be removed for an efficient numerical fitting algorithm. In the next section we shall choose a specific basis, which may appear at first to be less intuitive but which is well-suited for our numerical minimization. There are two obvious basis choices, one where Y ab is diagonal, and a second one where the vectors m a and η a have simple forms. It is the second one that is used in the next section. For further use we give here the relations between the two sets of parameters. 
are the VEVs of the three SM singlets of 210 H . This then changes Eq. (3.31) into
,
45) 4 Analysis in a specific basis
The general formulas given in the previous section for the light fermion mass matrices have built-in redundancies. Here we choose a specific basis where these redundancies are removed. We choose a basis where the four-vectors in Eq. (2.1) have simple forms:
These simple forms are achieved by 4 × 4 family rotation, which makes the vector η to have the form shown, and a subsequent 3 × 3 family rotation that brings the vector m to this form. A further rotation in the first two family space can be made, we choose this rotation to make the 4 × 4 Yukawa matrix, denoted as a ij in this specific basis, to be diagonal in the 1-2 subspace, i.e., a 12 = a 21 = 0. (4.51) The effective mass terms that arise after the VEV of Φ is inserted would depend on the VEV ratio of the two SM singlets in 45 H and on two VEV ratios of the three SM singlets in the case of 210 H . For the former, we can define an unbroken charge Q, which is not the electric charge, but a linear combination of hypercharge Y and the U (1) X charge contained in SO(10) → SU (5) × U (1) X -the 45 H leaves this charge Q unbroken. A parameter can be introduced in terms of which the unbroken charge Q can be defined for each of the SM fermions [37] :
where X is normalized so that X 10∈16 = 1, X 5∈16 = −3 and X 1∈16 = 5. Thus the charges of fermions ∈ 16 of SO(10) for the case of 45 H are:
For 210 H case the fermion charges are given in terms of two parameters 1,2 :
(4.54)
These charges are obtained from Eq. (3.43) by setting
For non-SUSY case, Q f = Q * f as Φ is a real field in this case, while Q f is complex in the case of SUSY. Now, writing b 16
, the last two terms of the Yukawa Lagrangian in Eq. (4.51) can be written as 
and k e,ν = −3. We define the ratio
Note that this ratio is not exactly equal to tan β of MSSM, but is closely related to it. If we ignore the mixing of the up and down-type Higgs doublets from 126 H with other doublets present in the theory, r would be equal to tan β in MSSM. The following relations are then readily obtained:
Note that a rotation in the 1-2 sector has been made which makes a 
0 a chosen to be real). For Φ = 45 H , there are 13 magnitudes and 7 phases (in total 20 parameters) for non-SUSY case. In the case of SUSY, is complex, so one additional phase enters (for a total 21 parameters). For Φ = 210 H in the SUSY context with minimal Higgs content, 1 and 2 are not independent of each other (see later), so there are again 13 magnitudes and 8 phases (in total 21 parameters). Later we will also consider a case with non-minimal Higgs sector where both these VEV ratios 1,2 can be in general independent of each other. In the neutrino sector (discussed in the next subsection) the mass matrix is given by these same parameters except for an overall scale (v R,L for type-I and type-II seesaw scenarios respectively) that adds one new parameter.
The neutrino sector

Type-I seesaw
To write down the mass matrix in the neutrino sector, we make the assumption that M, bΩ v R , which is a valid approximation provided that M, bΩ ∼ M GU T ∼ 10 16 GeV. Note that in order to generate light neutrino masses by using the seesaw mechanism, one roughly needs v R ∼ 10 12−14 GeV. In this approximation, no new parameter comes into play in the neutrino mass matrix except the scale v R . For type-I seesaw mechanism the Dirac neutrino mass matrix can be read off from Eq. (4.59): 
Type-II seesaw
In analogy to the the analysis done in Sec. 4.1.1 one can derive the type-II seesaw contributions to the the neutrino mass matrix by replacing v R → v L and ν c → ν. In this type-II seesaw scenario the neutrino mass matrix is then given by
0 a 
Symmetry breaking constraints
In all models studied here, there is no 10 H Higgs and matter fields couple to 126 H + 126 H and 45 H or 210 H scalars. There are considerations as outlined in Sec. II that would require additional Higgs fields to be present for consistent symmetry breaking. While there are no constraints on the VEV ratios when a 210 H is employed in the non-SUSY framework, these ratios are determined in the case of SUSY. We consider the various constraints on the symmetry breaking sector in this section.
Non-SUSY SO(10) models A and B
Model A employs 126 H , 45 H and a 54 H . Breaking of SO(10) down to SM via SU (5) channel is not viable due to gauge coupling unification and proton decay limits. If only 45 H and 126 H (or 16 H ) Higgs multiplets are used to break SO(10), breaking takes place through the SU (5)-symmetric channel [38] [39] [40] . The other two breaking channels SO(10)
not have stable vacuum at the tree-level. Recently quantum corrections to the tree-level potential have been taken into account [41, 42] and the validity of such breaking channels has been shown. However, we do not rely on quantum corrections in this paper. This is why the Higgs sector needs to be extended with a 54 H for consistent SO(10) breaking down to SM [43, 44] . Note that a Higgs system consisting of 126 H and 54 H is sufficient for symmetry breaking purposes if also a 10 H is used [45] , but without the 10 H as in our case, a 45 H is necessary.
Since the SM Higgs doublet is part of the 126 H in this model, a question arises as to the negativity of its squared mass. Consistency of the GUT scale symmetry breaking would require all physical scalar squared masses to be positive, which includes the SM Higgs doublet. There must then be a source that turns this positive mass to negative value. It has been shown in Ref. [46] that indeed such a turn-around is possible, provided that some scalar from any GUT multiplet remains light and has non-negligible couplings to the SM Higgs doublet. The context in Ref. [46] is similar to our present case, where a 144 H of SO (10) is used to break the GUT symmetry as well as the electroweak symmetry. Since our present non-SUSY model has an intermediate scale, we expect some of the scalars to survive down to the intermediate scale, which would enable turning the Higgs mass-squared to negative value so as to trigger electroweak symmetry breaking.
In Model B we employ a 210 H in addition to the 126 H . This is not however sufficient for our purpose. Since the VEV of 126 H is much smaller than the GUT scale, a single 210 H would break the GUT symmetry to one of its maximal little groups, such as
. The fermion mass matrices will then carry traces of this unbroken symmetry, which would lead to unwanted mass relations. This is why we extend the scalar sector by adding a 54 H 
SUSY SO(10) Models C-F
The Higgs sector of Model D consists of 210 H + 54 H + 126 H + 126 H . This system is a subset of the SUSY SO(10) models studied in Ref. [48] . The relevant part of the superpotential with only 210 H , 54 H and 126 H + 126 H is: 
The last relation in Eq. (5.75) can be solved for the free mass parameter m 5 . Taking differences of the other three twice, we obtain two independent solutions,
These correspond to the VEV ratios ratios
While studing the fermions masses and mixing numerically, we will consider both these cases. These models are labelled as D a for the solution 1 = − 
(5.78)
There are two different solutions of this system of stationary equations
or,
So the VEV ratios are given by 
Numerical analysis of fermion masses and mixings
In this section we show our fit results of fermion masses and mixings for different SO(10) models described in Sections II and V. We do the fitting for both non-SUSY and SUSY cases, each with type-I and type-II seesaw scenarios. For optimization purpose we do a χ 2 -analysis. The pull and χ 2 -function are defined as: converted to the DR scheme and then using the renormalization group equation running for MSSM [51, 52] we get the GUT scale inputs. For all different SUSY SO(10) models, we do the fitting for tan β = 10. For the charged lepton masses, a relative uncertainty of 0.1% is assumed in order to take into account the theoretical uncertainties arising for example from threshold effects. The inputs in the neutrino sector are taken from Ref. [53] . For neutrino observables, we do not run the RGE from low scale to the GUT scale, which is a relatively small effect, except for an overall rescaling on the neutrino masses that can be absorbed in the corresponding scale v R or v L . In the case of inverted hierarchical neutrino mass spectrum, RGE effects can be important, whereas for all our cases the spectrum turns out to be normal hierarchical. Since the right-handed neutrino masses are extremely heavy, threshold corrections might also have effects on the neutrino observables if the Dirac neutrino matrix elements are of order one, but in our case the elements are much smaller than one. All these inputs are shown in the tables where the fit results are presented. Below we present our best fit results and the corresponding parameters for different SO(10) GUT models as discussed above. (6.84) In performing such optimization, solutions with lower values of χ 2 exist but we are only interested in the solutions for which the original couplings a ij are also in the perturbative range. In the optimization process we restrict ourselves to the case of (a ij ) max 2. For all the solutions that are presented, we did find good fits with this cut-off except for model AII where |a 44 | = 3.3 as can be seen from Eq. C.150 . The original coupling matrices a ij can be computed with the parameter sets that result due to the minimization process. For all the fits to the different models presented in this work, these matrices are shown in Appendix C. In Table 2 , the predicted quantities correspond to the best fit values. For example, for model AI, the predicted value of the Dirac type CP violating phase in the neutrino sector is δ P M N S = 2π/3. The fit result presented in this case is very good since χ 2 = 7 · 10 −2 .
We have investigated the robustness of the predicted value of δ P M N S and found it to be not very robust. Sine the χ 2 for the best fit is extremely small, it is quite fine to deviate from the minimum χ 2 are still find acceptable fits. We find that the variation of δ P M N S from the predicted value can be quite large. In Fig. 1 , we show the variation of δ P M N S with χ 2 /n obs . Most of the fit results presented in this work have small total χ 2 , so this conclusion on the robustness of δ P M N S prediction is valid for the other models as well. We present the variation plot only for model AI. The fit results and the predictions for models C are shown in Table 5 and 6 respectively. The parameter set for model CI is: Table 7 and 8 respectively.
The parameter set for this fit of model D a I is: Table 7 : Fitting result for model D a I with inputs correspond to tan β = 10. The fitted values correspond to χ 2 = 7.4 for type-I. It should be mentioned that, among all the fit results presented in this work, this specific fit has the largest value of χ 2 which is 7.4 for 18
observables. This fit correspond to |a ij | max = |a 44 | =1.55. For the charged lepton masses, a relative uncertainty of 0.1% is assumed in order to take into account theoretical uncertainties arising for example from threshold effects. We did not find any acceptable fit within the perturbative range for model D a II.
{8.89 · 10 7 , 2.14 · 10 10 , 2.63 · 10 12 } Table 8 The fit results and the predictions for models E are shown in Table 11 and 12 respectively. For model EI, the parameter set is:
Masses (in GeV) and Mixing parameters These fits correspond to |a ij | max = |a 44 | = 0.81 and 0.99 for the two cases respectively. For the charged lepton masses, a relative uncertainty of 0.1% is assumed in order to take into account theoretical uncertainties arising for example from threshold effects. 
d = 5 proton decay
Since the flavor dynamics occurs at the GUT scale in this class of models, the best hope for testing this idea is by studying proton decay, in particular, its branching ratios into different modes. While such an analysis can be done for both non-SUSY and SUSY models, here we confine our discussion to the more dominant d = 5 decay modes in SUSY mediated by the color-triplet Higgsinos. respectively. These fittings correspond to |a ij | max = |a 44 | =0.67 and 1.08 for the type-I and type-II cases respectively. For the charged lepton masses, a relative uncertainty of 0.1% is assumed in order to take into account theoretical uncertainties arising for example from threshold effects.
We will bound ourselves to the (presumably) dominant d = 5 (charged) wino mediated mode, so that only SU(2) L non-singlets will appear in the effective operators:
We have to project them to the mass eigenstates defined by the unitary matrices X = U, D, E, N which diagonalize the mass matrices as
We will use the notation (X = U, D)
After 1-loopw ± dressing and assuming degeneracy and negligible left-right sfermion mixing the normalized amplitudes for different channels [54] are, in the mass eigenbasis,
where the numerical values (with maximal error around 30%) of the hadron matrix elements can be found in [55] . After squaring (7.102)-(7.106) and multiplying by the appropriate phase space factor (m P , m L , m p are the pseudo-scalar, lepton and proton mass, respectively) Table 15 : Branching ratios for the main decay modes of the proton mediated by colored Higgsinos in SUSY SO(10) models with successful fermion fits.
Conclusion
We have presented in this paper a new class of SO(10) models that can successfully address the flavor puzzle. The key ingredient of our models is the absence of 10 H that is conventionally used in most SO(10) models. Its absence is compensated by the introduction of a vector-like family in the 16 + 16 representation. The Yukawa sector of these models has just a single 4 × 4 matrix, along with two four-vectors. As a consequence, there are only 14 flavor parameters and 7 phases to fit all fermion masses and mixings, including the neutrino sector.
While the Yukawa system is highly nonlinear, by numerical optimization we have found excellent fits to the fermion observables in a variety of models. A 126 H is present in all models, to generate large right-handed neutrino Majorana masses as well as to provide the SM Higgs doublet. The vector-like fermions have couplings to either a 45 H or a 210 H that is used to complete the symmetry breaking. A total of six models, four supersymmetric and two non-supersymmetric, have been studied. In each case type-I or type-II seesaw mechanism was analyzed. In one case (Model D) with SUSY, minimization of the Higgs potential led to a two-fold solution set, with each providing an excellent fit to flavor observables.
While this class of high scale models cannot be easily tested at collider experiments, proton decay provides an avenue to probe such models. We have investigate the branching ratios for proton decay in the SUSY models, with the results presented in Table 15 . While it is an ambitious goal to test flavor models in proton decay discovery, even without such a discovery it is heartening to learn that a large class of models can shed light on the various puzzles of fermion masses observed in nature. In particular, starting from a highly symmetrical quark and lepton sector these models produce large neutrino mixing simultaneously with small quark mixing, a highly nontrivial achievement.
Appendices
A Expressions for a ij
In this Appendix we give expressions for a ij used in the numerical analysis. 
(A.121) 
C Numerical values of the original Yukawa couplings a ij
In this appendix we present the original coupling matrices a ij for all the different models. a ij matrices are calculated from the fitted parameter sets. Model AI: 
